Quasirelativistic theory of magnetic shielding constants based on the Douglas-Kroll-Hess transformation of the magnetic potential presented in a previous paper is extended to molecular systems that contain heavy elements. The gauge-including atomic orbital method is adapted to the quasirelativistic Hamiltonian to allow origin-independent calculations. The present theory is applied to the proton and halogen magnetic shielding constants of hydrogen halides and the 199 Hg magnetic shielding constants and chemical shifts of mercury dihalides and methyl mercury halides. While the relativistic correction to the magnetic interaction term has little effect on the proton magnetic shielding constants, this correction is a dominant origin of the heavy atom shifts of the magnetic shielding constants of heavy halogens and mercury. The basis set-dependence of mercury shielding constants is quite large in the relativistic calculation; it is important to use the basis functions that are optimized by the relativistic method to properly describe the relativistic effect. The relativistic correction to the magnetic interaction term is quite important for mercury dihalides in which the relativistic effects from mercury and halogen are strongly coupled. Without this correction, we obtain quite incorrect results. The origin of the 199 Hg chemical shifts in mercury dihalides is the spin-orbit interaction from heavy halogens. In methyl mercury halides, the paramagnetic shielding term as well as the spin-orbit interaction from heavy halogens dominates the 199 Hg chemical shifts.
I. INTRODUCTION
Since chemistry deals with various combinations of more-than-one-hundred elements in the periodic table, the basic theory of chemistry should be able to be seamlessly applicable to all such combinations of elements. For this purpose the Schrödinger picture alone is insufficient and we have to rely on the relativistic picture based on the Dirac equation. The relativistic effect becomes more and more important as the system includes heavier and heavier elements. 1 Although rigorous relativistic treatment of molecules should be based on the four-component Dirac theory, 2 a formidable computational cost originating from an explicit calculation of the small component still limits its application to small molecules. Quasirelativistic ͑QR͒ theories, on the other hand, like those based on the Douglas-Kroll-Hess ͑DKH͒ transformation [3] [4] [5] [6] and the regular approximation, [7] [8] [9] [10] can be considered as a natural extension of the nonrelativistic Schrödinger equation, and are widely accepted as computational tools in relativistic quantum chemistry.
Properties of atoms and molecules, especially magnetic properties, fairly strongly reflect the relativistic effect. 22-26,28 -33 For calculating such properties, the perturbation method that takes into account the relativistic effect on the electrostatic 11, 12 and magnetic properties [13] [14] [15] has been presented within the framework of the DKH approximation. These studies concluded that the perturbation operators must be treated within the DKH approximation, i.e., the effect of the so-called ''picture change'' of the operators 16 has to be taken into account for accurate calculations.
The magnetic shielding constant, in particular its electronic mechanism, is essentially the property of the resonance atom. 17, 18 Representing the relativistic effect with the one-electron or effective one-electron operators is a good approximation because this effect is mainly caused by the strong attraction potential of the nucleus. 19 In this sense, the relativistic effect on the magnetic shielding constant of a resonance atom can be considered to originate from two sources. One is the relativistic effect from the atom that is bonded to the resonance atom, and the other is the relativistic effect from the resonance atom itself. The importance of both effects was first recognized by semiempirical works. Morishima, Endo, and Yonezawa found that the proton magnetic shielding constant of hydrogen halides was strongly affected by the spin-orbit ͑SO͒ interaction, which is one of the relativistic effects of halogens. 20 Pyykkö and co-workers found out that the Pb magnetic shielding constant of PbH 3 Ϫ was significantly increased by considering the relativistic effect. 21 The heavy atom shift due to the SO interaction of the bonding heavy element was extensively studied in this laboratory using the ab initio SO-UHF method. [22] [23] [24] [25] [26] These studies revealed that the origin of the ''normal halogen dependence '' 27 lies in the SO effect of the heavy halogen. The importance of the SO interaction for chemical shifts is now well recognized through these studies. Several studies using ab initio method 28, 29 have been carried out to provide a a͒ To whom correspondence should be addressed. Fax: 81-75-753-5653. Electronic mail: hiroshi@sbchem.kyoto-u.ac.jp theoretical prediction of the magnetic shielding constants of molecules that include heavy elements. The relativistic effect from the resonance atom itself has not been studied as well. The strong relativistic effect from a heavy resonance atom requires proper treatment of the spinfree relativistic ͑SFR͒ effect, the SO interaction, and the magnetic perturbation term. [13] [14] [15] Although the zeroth order regular approximation ͑ZORA͒ has been successfully used to study the magnetic shielding constants of molecules that include heavy elements, 30 ,31 similar application of the DKH approximation is still limited. Studies using the DKH approximation were carried out by Ballard et al. 32 and Fukui and Baba. 33 While these studies considered the relativistic effect on the unperturbed Hamiltonian, the magnetic perturbation remained in a nonrelativistic form. Due to our recent studies, 13, 14 the relativistic correction on the magnetic perturbation cannot be neglected for the magnetic shielding constants of heavy elements. The so-called ''picture change'' effect 11, 12 must be considered by applying the DKH transformation to an external magnetic field. 15 In this study, we apply the quasirelativistic theory of magnetic shielding constants based on the DKH method that we proposed previously 15 to molecular systems. We examine the relativistic effect on the magnetic shielding constants and chemical shifts of molecules that include heavy elements. A theory that does not depend on the choice of the gauge-origin is necessary for studying the magnetic shielding constants of molecules. We use London's gauge-included atomic orbitals ͑GIAOs͒ ͑Refs. 34 and 35͒ in this study. The generalized-UHF ͑GUHF͒ wave function [13] [14] [15] is used to describe the SO interaction and the spin-dependent magnetic response of the wave function. We extend the GUHF finite perturbation ͑FP͒ theory 22, 36 for the magnetic shielding constant to adapt the GIAO formalism, and propose the GIAO-FP-QR-GUHF method.
First, we apply the GIAO-FP-QR-GUHF method to the magnetic shielding constants of hydrogen halides. These molecules have been extensively studied with several levels of relativistic theories. 22, 28, 29, 37, 38 We compared our results with the four-component results reported by Visscher et al. 38 The dominant part of the relativistic effect on the magnetic shielding constants of proton in hydrogen halides is due to the SO interaction; 22 however, both of the spin-dependent and spin-free relativistic effects and the picture change effect influence the magnetic shielding constants of heavy halogens.
Next, we address
199
Hg magnetic shielding constants and chemical shifts of mercury dihalides. To investigate the relativistic effect on heavy elements, it is important to use the basis functions that can adequately describe the relativistic effect. In hydrogen halides, we use uncontracted even-tempered basis functions. However, such a large set of basis functions limits the application of the theory to small systems. We propose as a relativistic basis function the contracted well-tempered Gaussian basis function 39 with relativistic SCF coefficients. The well-tempered basis function has a sufficient range of exponents to describe the relativistic wave function. The exponent parameters for almost all of the elements in the periodic table are available. Moreover, their shared exponent feature is advantageous for calculating molecular properties. For the heavy atom shift of Hg as a heavy atom, it is important to use the basis functions optimized with relativistic theory. If we neglect the relativistic effects on the magnetic interaction and the picture change effect for HgI 2 or HgBr 2 in which the relativistic effects from Hg and halogens are coupled, the theory would lead to quite incorrect results. In mercury compounds, the origin of the 199 Hg chemical shifts is paramagnetic shielding and the Fermicontact terms. The present theory can adequately explain the trend of the chemical shifts of the molecules including heavy elements, and provides a good starting point for a more accurate theory that includes electron correlation effects.
II. THEORY
The basic quasirelativistic theory used in the present study is given in Ref. 15 ͑referred to as ''Paper I'' below͒, in which the DKH Hamiltonian within a magnetic field was formulated and written as
where
is the kinetic energy operator and V j eff represents the effective scalar potential that includes the spin-free and SO interaction, 5, 6 V j
V jk denotes the electron-electron interaction term that includes electron repulsion and two-electron SO interaction as
where l jk ϭr jk ϫp j . The magnetic interaction operator H j mag is given by
The vector potential from the uniform magnetic field B and the nuclear magnetic moment A of nucleus A is written as
with
Here, r jd ϭr j -d is the position vector from the arbitrary gauge-origin d. w A represents the distribution of the nuclear magnetic moment. 40 The Gaussian nucleus model [41] [42] [43] is used in this study.
The magnetic shielding tensor of nucleus A in tu component ͑t, uϭx, y, z͒ is given by
.
͑9͒
If we consider the change of picture effect for magnetic perturbation, the Hellmann-Feynman theorem holds for the quasirelativistic Hartree-Fock SCF wave function 11, 12 for the derivatives with respect to A , u ; and thus the magnetic shielding tensor can be written in the form
͑10͒
The Hamiltonian is expanded in powers of B and A as
The explicit forms of
, and H (1,1) are given in Paper I. The GUHF wave function 45, 46 is used to describe spin-dependent properties. The GUHF orbital is written as a linear combination of atomic orbital ͑AO͒ basis functions as
with the complex molecular orbital ͑MO͒ coefficients C, and spin function ϭ␣ or ␤. The MO coefficients and the orbital energy are determined by solving the GUHF-SCF equations
under the orthonormality condition
Superscript ͑0͒ represents the solutions without a magnetic field. The matrix element of the Fock operator is given by
where the density matrix is given by
The matrix elements of one-electron integrals are written as ͗ Ј͉h
where V SF and V SO are the spin-free and SO parts of V eff , respectively. The two-electron integral includes electron repulsion and two-electron SO interaction as
͑18͒
The overlap integral is given by
͑19͒
To calculate magnetic shielding tensor, the response of the MOs with respect to uniform magnetic field B is necessary. We adapt the finite perturbation ͑FP͒ theory 22, 36 for the GUHF-SCF equations where a small amount of finite magnetic perturbation B t is applied in the SCF procedure. To allow gauge-origin-independent calculations for magnetic properties, we use GIAO functions, 34, 35 which are defined by
where is the usual real AO function that is centered at R . The GUHF-MO under the magnetic field perturbation is given by the GIAO basis as
The coefficient C (B) is determined by solving the GIAO-FP-GUHF-SCF equations
͑23͒
The matrix elements of the magnetic perturbation are given by
Since the GIAO depends on the magnetic field,
The overlap integral also includes the magnetic field as
͑26͒
The gauge-factor is defined by
Equations ͑22͒-͑27͒ summarize the GIAO-FP-QR-GUHF procedure for magnetic shielding constants. It is easier to extend a SCF program for the magnetic FP calculation at the QR-GUHF level than to extend a nonrelativistic program, because complex algebra is needed even without a magnetic field due to the presence of the SO interaction. In the DKH transformation, [3] [4] [5] [6] the evaluation of matrix elements is carried out using the matrix transformation method and by adopting the resolution of identity ͑RI͒. 47 In the GIAO method, additional gauge correction terms of the DKH transformation arise in Eq. ͑24͒, due to the existence of the gauge factor in Eq. ͑27͒. The gauge factor increases the angular moment of the basis functions, 35 and thus, we perform the DKH transformation with a space that includes higher angular moment set as ͕ ϩ r͖.
The magnetic shielding tensor can be written as
͑28͒
In the FP theory, the differentiation of the density matrix is carried out numerically. With a use of the finite field of B t ϭ10 Ϫ3 -10 Ϫ4 ͑a.u.͒, the error introduced by numerical differentiation is less than the present level of accuracy compared to an analytical method. The first part in Eq. ͑28͒ is the diamagnetic shielding term, the second parts can be separated into the spin-free paramagnetic shielding term and the SO-induced shielding term.
III. CALCULATIONS AND RESULTS
As proposed in Paper I, we perform three different levels of approximations for the quasirelativistic ͑QR͒ Hamiltonians as follows:
͑a͒ QR level 0 ͑QR-0͒: the DKH Hamiltonian with nonrelativistic magnetic interaction H 0 mag ,
͑b͒ QR level 1 ͑QR-1͒: the DKH Hamiltonian with the first-order DKH magnetic interaction H 1 mag and the nonrelativistic diamagnetic shielding term,
͑c͒ QR level 2 ͑QR-2͒: the DKH Hamiltonian with the second-order DKH magnetic interaction H 1 mag ϩH 2 mag ,
͑31͒
The GIAO-FP-QR-GUHF method is used for all levels of the QR calculations. 
A. Magnetic shielding constants of hydrogen halides
Hydrogen halides ͑HX͒ are the simplest molecular system that clearly shows the relativistic effect on the magnetic shielding constants. The chemical shift of this series of molecules is dominantly relativistic-effect origin, mainly the spin-orbit effect. 22 We apply our theory first to this system as molecular applications. We use the basis sets that are the same as those used by Visscher et al. 38 in the fourcomponent relativistic RPA study. The basis sets for hydrogen, fluorine, and chlorine are the uncontracted cc-pVTZ sets of Dunning and Woon. 48, 49 The basis sets for bromine and iodine are, respectively, the even-tempered (23s16p12d3 f ) and (28s21p15d4 f ) sets of Visscher et al. 38 Experimental bond lengths, which were the same as those in Ref. 22 , were used.
Calculated shielding constants and their decomposition into the spin-free term and SO term are summarized in Table  I . The results with a nonrelativistic ͑NR͒ calculation and the four-component calculation by Visscher et al. 38 with relativistic RPA are also shown. The proton magnetic shielding constants of HX gives a typical example of the relativistic effect by bonding heavy elements X. It has been well documented that the SO interaction of the heavy halogen increases the magnetic shielding of proton. 20, 22, 28, 29 This SO effect from the bonding halogen is the origin of the 1 H chemical shifts of hydrogen halides. The SFR effect does not affect the proton shielding constants because the SFR effect is rather local compared to the SO interaction. 32, 38 By comparing the QR-2 results with the QR-1 results, we can see that the relativistic correction of the magnetic interaction does not affect the shielding constants of hydrogen. According to these results, we can conclude that the SO interaction is the dominant relativistic effect for the proton magnetic shielding constants of hydrogen halides. The results with QR-2 are about 1.7 and 1.1 ppm larger than the results with the four-component method for iodide and bromide, respectively. This discrepancy is thought to be a gauge-error: A common gauge-origin was located at the halogen atom in the four-component calculations. With this choice of origin, the derivatives of hydrogen basis functions ͑first-order basis functions͒ 50 are necessary to reduce the origin-dependence. Tight p-functions that correspond to the derivatives of inner s-functions should be added for hydrogen to reduce the gauge-error of SO . The halogen magnetic shielding constant of HX shows the heavy atom shielding due to the heavy atom itself. As we pointed out in Paper I, the dominant origin of the heavy atom shift of heavy atom ͑HAHA͒ ͑Ref. 21͒ effect is the relativistic correction of the magnetic interaction, which is considered in the QR-1 and QR-2 approximations. The present results for HX are consistent with the HAHA mechanism proposed in Paper I. The QR-0 approximation provides SO as a relativistic correction to the NR value. This correction is important for heavy halides and is 14% and 3% of the total values in iodide and bromide, respectively. However, this correction in iodide is 34% of the total relativistic correction that can be obtained by the four-component theory. Most of the relativistic correction is attributed to SO at the DKH level that is considered by QR2. To reproduce the fourcomponent theory for the magnetic shielding constants of heavy elements, we should consider the SO interaction and the relativistic magnetic interaction. The QR-2 results are 98% and 96% of the four-component results in bromide and iodide, respectively. Thus the QR-2 approximation underestimates the magnetic shielding constants of heavy halides in comparison with the four-component results. This tendency is different from the results of our previous study of noble gas atoms in which the QR-2 values for Kr and Xe were about 1.5% larger than the DHF values. 15 In these cases, the gauge-error should be small. This tendency can be explained by the difference in the direction of the error of para and ͑FC͒ in the QR-2 approximation. In noble gases, para is always positive, while para is negative in halogens of hydrogen halides. ͑FC͒ is positive in both cases. If we assume that the QR-2 overestimates the absolute value of para and underestimates that of ͑FC͒, the errors from para and ͑FC͒ may almost cancel in noble gases to give a small positive error. In halogens, however, errors from para and ͑FC͒ accumulate to give relatively large negative errors. The magnetic shielding constant in the DHF is a single term, and decomposition into para and ͑FC͒ as in a twocomponent method is difficult. It is difficult to estimate the accuracy of each decomposed term. 54 An sp-diffuse function is also added for the chlorine set. 54 For heavy atoms, we use nonrelativistic and relativistic basis functions. The nonrelativistic basis set for mercury is Huzinaga's triple-zeta for valence orbitals and double-zeta for the inner shell 54 with two p-polarization functions, 54 and the basis sets for bromine and iodine are Huzinaga's set 54 in the same contraction as mercury with a single d-polarization function and one sp-diffuse function. 54 The relativistic basis set is the well-tempered set of Huzinaga and Klobukowski 39 in the relativistic contracted form. The contraction coefficients are determined by the QR-SCF calculations for atoms with primitive functions. We use the segment contraction scheme 55, 56 to keep the inner shell double-zeta and valence quadruple-zeta. The innermost p shell for iodine and the p and d shells for mercury are contracted in two different patterns to describe the SO splitting of p 1/2 and p 3/2 , or d 3/2 and d 5/2 orbitals. The basis functions for other orbitals are contracted by the spin-averaged QR-SCF coefficients. The energy loss due to this contraction is Ͻ500 mE h in each atom. After contraction, the innermost four s primitives of mercury are split to give more freedom for Fermi contact interaction. One d-function was added for iodine and bromine, and three p-functions for mercury generated from the well-tempered scheme are added for polarization. The final forms of the basis sets are (29s24p19d13f )/͓18s15p8d3 f ͔, (28s23p18d)/͓12s10p6d͔, and (26s20p12d)/͓10s8p5d͔ for mercury, iodine, and bromine, respectively. The geometries of molecules are due to the experimental one. [57] [58] [59] The calculated magnetic shielding constants of HgX 2 ͑XϭCl, Br, and I͒ with the NR, QR-1, and QR-2 theories are summarized in Table II , where the total is decomposed into two terms: calculated by the QR theory is decomposed into the spin-free term and the SO term. Each term is further decomposed into the core and valence orbital contributions. Twenty-six electrons, including 5d and 6s electrons of mercury, and the outermost s and p electrons of halogens, are considered valence electrons. Total is the sum of the core and valence contributions.
The basis function dependence of the NR calculation is about 20 ppm and mainly arises from the core orbital contribution. The QR calculation significantly depends on the basis functions. The choice of the basis functions affects the valence orbital contribution as well as the core orbital contribution. The SO effect from the heavy halogens cannot be described using nonrelativistic basis functions. Therefore, the high-field shifts observed in bromide and iodide cannot be reproduced with the QR-1 and QR-2 approximations. It seems that the QR-0 approximation with nonrelativistic basis functions can reproduce such high-field shifts. However, the results with the QR-0 approximation strongly depend on the choice of basis functions. Using relativistic basis functions with QR-0, the chemical shifts of heavy halides greatly overshoot the experimental values. In the calculations for noble gases, we predicted that the QR-0 approximation contributes to an error in the magnetic shielding constants of heavy atoms. The QR-0 approximation can not treat the responses of orbitals to magnetic perturbations because it does not consider the picture change effect for the magnetic vector poten- tial. The delta function is explicitly involved in QR-0; thus, ͑FC͒ is strongly dependent on the basis function. The QR-0 approximation cannot be adopted in cases in which HAHA and the SO are coupled. QR-1 tends to overestimate the contribution of core orbitals. However, this error is canceled and does not seriously affect the relative chemical shifts. Based on the QR-2 calculation with relativistic basis functions, we can clearly see that the HAHA effect expected in HgCl 2 is due to SO from the core orbitals ͑6420 ppm͒. The origin of the chemical shift is the valence orbital contribution; the high-field shift of heavy halides originates from the SO interaction of heavy halogens. This mechanism of the chemical shift is similar to the proton chemical shift of hydrogen halides. Table III gives the   199 Hg magnetic shielding constants of HgXY ͑X, YϭMe, Cl, Br, and I͒ and their decomposition analyses. The 199 Hg chemical shift referenced to HgMe 2 is also presented. We previously studied the magnetic shielding constant of HgMe 2 . 13 The present and previous calculations ͑calculation level 5 in Ref. 13͒ differ as follows: First, the basis functions are different. The present calculation uses GIAO, while in the previous calculation a common gaugeorigin was located on the Hg atom. The previous calculation corresponds to the QR-1 approximation of this paper, but considered also some parts of the relativistic correction to the diamagnetic term. The total shielding constant of HgMe 2 in the previous study is about 200 ppm larger than the present result. This is mainly due to the QR-1 approximation. The present result is more reliable than the previous one, but as we have shown in the HgX 2 results, the trend in the chemical shift is not affected.
The correlations between the calculated and experimental chemical shifts are shown in Fig. 1 . The calculated chemical shifts are in rather good agreement with the experimental trend. The chemical shifts originate in the paramagnetic shielding term and the Fermi contact term. The chemical shifts originate in the paramagnetic shielding term and the Fermi contact term. Table III also gives the axial and perpendicular magnetic shielding tensor components and shielding anisotropy (⌬ϭ ʈ Ϫ Ќ ). The perpendicular component is origin of the chemical shifts. The paramagnetic shielding term is closely related to the electronegativity of the substituents. 18 The Fermi contact shifts arise from the SO interaction of halogens. We can see that the mechanism of 30 Since their calculation includes the electron correlation effect, their results show better agreement with experimental chemical shifts than our results. However, the absolute shielding constants with the ZORA-DFT method are smaller than those with our method. The absolute shielding constant of HgMe 2 with ZORA-DFT is 8019.99 ppm, which is 4752 ppm smaller than our value. There is no difference between the dia and para values obtained by the two methods. However, the SO with ZORA-DFT is 4250 ppm smaller than our value. The observed chemical shift of Hg atom is Ϫ4638 ppm. Applying this value to the ZORA-DFT result, the obtained absolute shielding constant of Hg atom with ZORA-DFT is 12657.99 ppm. In contrast, the absolute shielding constant calculated with our QR-2 method is 16667.1 ppm. The difference in the chemical shift from the experimental result is 788.1 ppm, and the electron correlation effect should be around this value. Our QR-2 value ͑16667.1 ppm͒ is consistent with the DHF calculation for atoms. The absolute shielding constant of Rn with the DHF method is 19162.9 ppm and that of Xe is 6957.8 ppm. 15 The cause of the difference between the present result and the ZORA-DFT result is unclear; however, the most likely reason is a difference in the basis functions. The FC term in spin-spin coupling constants with ZORA-DFT ͑Ref. 63͒ is influenced by the addition of steep basis functions. The difference between the ZORA and DKH methods is not clear.
IV. CONCLUSIONS
In this study, we have proposed a quasirelativistic theory for the magnetic shielding constants and chemical shifts of molecular systems. This theory is based on the DKH transformation including a magnetic field that was proposed previously. We adapted the GIAO method for the finite perturbation theory and the GUHF wave function. The present GIAO-FP-QR-GUHF method was applied to the magnetic shielding constants and chemical shifts of hydrogen halides, mercury dihalides and methyl mercury halides.
For the proton magnetic shielding constants in hydrogen halides, the SO interaction is the dominant relativistic effect. The SFR term only slightly affects the magnetic shielding constants, and the picture change effect is not important. The relativistic effect on the magnetic interaction and the picture change effect are the dominant source of the heavy atom shifts of the magnetic shielding constants of the heavy halogens. The effects appear in the total shielding constants mainly through the SO .
In the relativistic calculation, it is important to use the basis functions that are optimized by the relativistic method. Nonrelativistic basis functions cannot adequately describe the heavy atom shift induced by the SO interaction. For the shielding constants for mercury, the relativistic effect on the magnetic interaction and the picture change effect are quite important. If we neglect these effects, SO induced by the SO interaction of heavy halogens is greatly overestimated. The HAHA effect of mercury itself comes from the SO interaction of mercury, and the heavy atom shifts of heavy halides are induced by the SO interaction of halogens. The mechanism of the 199 Hg chemical shift in mercury dihalides is the SO shift induced by halogens. This mechanism is similar to that for the 1 H chemical shift in hydrogen halides. The mechanism of the 199 Hg chemical shift in methyl mercury halides originates in negative para and positive SO . The dominant part of SO is the Fermi contact term. The mechanism is similar to that for the 13 C chemical shifts in methyl halides.
The present method is a good approximation of the fourcomponent Dirac theory, as verified in this and previous papers, and can be applied ''seamlessly'' to the magnetic shielding constants of various molecules that include any of the elements in the Periodic Table. The GIAO-FP-QR-GUHF method can reproduce the NMR chemical shifts of molecules relatively qualitatively. For more accurate prediction of the chemical shifts of molecules, we must consider the electron correlation effect. The present method provides a good starting point for such studies. A relativistic many-body method for magnetic shielding constants based on the present work is currently under investigation.
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